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(Dated: July 19, 2018)
The high carrier mobility in graphene promises its utility in electronics applications. Azobenzene
is a widely studied organic molecule for switchable optoelectronic devices that can be synthesized
with a wide variety of ligands and deposited on graphene. Using first-principles calculations, we
investigate graphene doping by physisorbed azobenzene molecules with various electron-donating
and −accepting ligands. We confirm previous experimental results that demonstrate greater p-
doping of graphene for the trans compared to cis configuration when using a SO3 electron-accepting
ligand, however we find that NO2 ligands maximize the p-doping difference between isomers. We
also examine how these doping effects change when the graphene monolayer is supported on a silica
substrate. We then extend these findings by examining the doping effects of an applied electrical
bias and mechanical strain to the graphene, which lead to changes in doping for both the trans and
cis isomers. These results demonstrate a new type of multi-control device combining light, electric
field, and strain to change carrier concentration in graphene.
PACS numbers: 81.05.ue, 73.22.Pr
I. INTRODUCTION
Graphene, the remarkable two-dimensional sheet
of carbon atoms arranged in a honeycomb lattice,
has demonstrated charge mobility greater than 104
cm2V−1s−1 and charge carriers with relativistic speeds of
106 ms−1.1,2. These fundamental properties of graphene
make it a promising material for the electronics appli-
cations, however, for these applications to be realized,
new methods to control carrier concentration must be
determined. Both experimental and first-principles stud-
ies have shown that carrier concentration in graphene can
be modulated by voltage gating1,3–5, substitutional dop-
ing6–8, or charge transfer doping from adsorbed atoms,
molecules, and clusters8–15.
Substitutional doping, usually achieved by replacing
carbon with boron or nitrogen atoms in the honeycomb
lattice6,7, can have detrimental effects on graphene’s in-
trinsically high mobility due to disruption of the sp2
hybridization. In contrast, molecular doping leaves the
graphene lattice relatively intact, preserving graphene’s
intrinsic properties while also promoting charge transfer
to tune the carrier concentration. This is especially true
for physisorbed molecules on graphene, in which van der
Waals interactions dominate the molecular binding and
the Dirac point and band structure close to the Fermi
level are preserved. In this case, if charge transfers from
the adsorbed molecule to the graphene, the Dirac point
will shift to an energy below the Fermi level of pristine
graphene, known as n-doping. This will lead to elec-
trons being the majority charge carrier in graphene. Con-
versely, charge transferred from graphene to the molecule
will shift the Dirac point above the Fermi level of pris-
tine graphene, known as p-doping. In this case, holes
will be the majority charge carrier. Often, physisorbed
molecules are anchored to the graphene surface using ad-
ditional molecular linkers, such as pyrene, to increase
binding energies16.
In addition to preserving graphene’s intrinsic electronic
properties, physisorbed organic molecules offer unique
methods of doping that could lead to novel optoelectronic
devices. One such molecule is azobenzene (AB), which
consists of two benzene rings connected by a dinitrogen
linker. In its ground state, known as the trans isomer,
the two benzene rings are parallel to one another. Upon
UV illumination, the AB molecule isomerizes to the cis
isomer either through inversion or rotation around the
N=N bond such that the two benzene rings are out of
plane with each other. The cis isomer can isomerize back
to trans either through thermal relaxation or exposure to
visible light.
This fascinating property of AB has opened up
many potential uses for photoswitching devices. First-
principles and experimental studies have demonstrated
AB-based conductance switches17–20 and mechanisms for
optical storage 21,22. Relevant to graphene, AB molecules
functionalized with the SO3Na electron-accepting ligand
have been directly adsorbed on graphene and have shown
reversible, photoswitchable p-doping upon UV illumina-
tion23,24, indicating the potential for a graphene-based
optoelectronic device. According to these experimental
results, the trans isomer binds to graphene such that the
benzene rings are parallel to the graphene surface and
demonstrates an induced hole concentration in graphene.
Upon UV illumination, the benzene ring functionalized
with SO3Na lifts off the graphene surface, increasing the
distance between the SO3Na ligand and the graphene sur-
face and thus reducing charge transfer. To ensure that
the benzene ring with SO3Na lifts off the surface in the
experiment, the other benzene ring is functionalized with
2CH3 to increase its binding to graphene. Similar pho-
toswitching results have also been found linking AB to a
pyrene molecule adsorbed on graphene16 as well as AB
linked to graphene oxide hybrids25,26.
2Despite these initially promising results, little is known
both about the details of the chemistry at the AB-
graphene interface or about the effects that different lig-
ands functionalized to AB will have on doping levels. In
addition, no studies have investigated further methods
of tuning the graphene doping in the presence of the AB
molecule, such as voltage gating or mechanical strain to
lead to multi-control graphene doping. In this paper, we
present first-principles data investigating graphene dop-
ing by AB using a range of possible electron-accepting
and -donating ligands as well as investigate the effect of
an applied electric potential and mechanical strain on
doping. We then compare doping of a graphene mono-
layer to graphene on an amorphous SiO2 substrate to
better model experimental conditions24 and investigate
substrate effects.
The paper is organized as follows. Section II outlines
the computational methods used throughout the paper.
Section III.A reports electronic strucure and charge
transfer results due to AB molecular absorption on
graphene. Section III.B examines the effects of different
ligands linked to AB on graphene doping. Section
III.C discusses the effect of an applied electric field or
mechanical strain to the AB-graphene system to further
modulate doping levels. We then compare AB doping
of a graphene monolayer to graphene on an amorphous
SiO2 substrate with and without dangling surface bonds
in Section III.D. Conclusions are discussed in Section
IV.
II. METHODS
A 7x7 rhombus supercell is used that consists of a
98-atom graphene monolayer and one of the adsorbed
molecules, each of which ranges between 20-35 atoms.
Although a long list of possible ligands exist, here we
choose a collection of the strongest electron-donating
(NH2, OH) and -accepting (SO3, SO3Na, NO2, CF3) lig-
ands as the best potential candidates for doping. We
label AB molecules based on the ligand attached to each
of the two benzene rings, e.g., SO3-AB-NO2 corresponds
to an AB molecule with a SO3 ligand linked to one ben-
zene ring and a NO2 ligand linked to the other ring. We
also include the weakly-donating ligand, CH3, to com-
pare with previous experimental work that deposited an
SO3Na-AB-2CH3 molecule on graphene
24. A 15 A˚ vac-
uum extends along the z-axis to prevent interactions be-
tween periodic images. We complete all first-principles
calculations of binding energies, charge densities, and
density of states (DOS) using the Vienna ab initio sim-
ulation package (VASP)27,28, which uses a plane-wave
basis set to solve the Kohn-Sham equations. A 6x6x1
Monkhorst-Pack29 k-point mesh is used for the Brillouin
Zone (BZ) integration in all cases, with a 600 eV en-
ergy cutoff for the wavefunctions. For DOS calculations,
the k-point mesh is increased to 24x24x1 and a 0.025 eV
smearing is implemented.
All self-consistent supercell calculations are performed
using the Perdew-Burke-Ernzerhof generalized gradient
approximation (PBE-GGA) of density functional theory
(DFT). In order to account for the van der Waals (vdW)
interactions present betwen graphene and adsorbates, we
use the opt86-vdW functional implemented in VASP that
includes nonlocal correlation responsible for the disper-
sion interactions 30. All structures are relaxed until the
force on each atom is less than 0.01 eV/A˚.
To provide a holistic picture of charge transfer at the
graphene-AB interface, we quantify charge transfer in
two ways. First, we compute the total charge on each
atom using Bader charge analysis31 and calculate the dif-
ference in total charge on the graphene monolayer alone
compared to graphene with each adsorbed molecule. Sec-
ond, we calculate the shift in energy of the Dirac point of
graphene with each adsorbed molecule relative to its po-
sition for pristine graphene. This provides a measure of
n-doping (Dirac point shifted below) or p-doping (Dirac
pointed shifted above) that can be related to graphene
carrier concentration to compare with experiment. Pre-
vious experimental results have demonstrated that, for
small doping levels, the Dirac point energy shift EDP
(measured relative to the Fermi level) and carrier con-
centration n can be related by EDP = ~|vF |
√
pin, where
vF is the Fermi velocity
1. Therefore, for each AB deriva-
tive investigated, we report binding energy (BE), charge
transfer (CT), Dirac point shift (DPS), and carrier con-
centration (CC) calculated from the DPS using the pre-
vious equation. Across all molecules tested, we find that
a magnitude of charge transfer less than |0.05|e never re-
sults in a shift in the Dirac point within the precision
of our calculations. Therefore, we will only consider lig-
ands that result in significant charge transfer greater than
|0.05|e as viable for significant graphene doping.
We also investigate the effect of electric bias and me-
chanical strain on AB-induced graphene doping (Section
III.C). To examine bias, we apply a homogeneous elec-
tric field along the z-axis (perpendicular to the graphene
monolayer). A linear electrostatic potential correction is
added to account for errors due to the periodic boundary
conditions in the calculation32. We vary the magnitude
of the electric field from 0.0 to ±0.5 V/A˚. To examine
how mechanical strain impacts doping, we increase the
unit cell size from 1 to 5 percent along either the arm-
chair or zigzag edges of the graphene supercell. We then
re-relax the structure with the adsorbed molecule and
calculate the CT and DPS.
After studying AB molecular doping of a graphene
monolayer, we will investigate the effect of an amorphous
SiO2 substrate on doping levels (Section III.D). For these
calculations, we have used a 6x6 graphene supercell (72
C atoms). To create the amorphous SiO2 substrate of
this size, we have used the LAMMPS molecular dynamics
software33 and the BKS SiO2 potential
34 to anneal a crys-
talline alpha-SiO2 supercell containing 324 atoms that
matches the experimental density (2.2 g/cm3) with the
same two-dimensional lattice constants as the graphene
supercell. The structure has been heated to 5000K, equi-
librated, and then cooled to 300K over 120 ps. After
3FIG. 1. (Color online) Geometric and electronic structure of azobenzene (AB) adsorbed on the graphene surface, including a)
top view of optimized structure, b) side view of optimized structure, c) charge difference isosurfaces, where dark blue isosurfaces
represent regions of hole accumulation and light yellow isosurfaces represent regions of electron accumulation, and d) partial
density of states (PDOS). The vertical black line in the PDOS plots represents the Fermi energy. Upper panels refer to the
trans isomer and bottom panels refer to the cis isomer. The gray mesh corresponds to the graphene honeycomb lattice. The
large grey spheres are C atoms in the benzene ring, blue spheres are O atoms, orange spheres are N atoms, and the small white
spheres are H atoms.
relaxing the structure at room temperature, we have cut
the sample along an xy plane such that the sample is ap-
proximately 20 A˚ along the z-axis, containing 240 atoms.
We have then run a final simluation at 100K to heal the
cut surface and reduce the number of dangling bonds
as much as possible. We have then saturated any re-
maining dangling bonds by manually adding H atoms to
unsaturated O atoms and OH molecules to unsaturated
Si atoms. After relaxing the final SiO2 structure, the AB
molecule and graphene monolayer have then been placed
above the SiO2 substrate and the structure has been re-
laxed using DFT. Charge transfer to the molecule and
the associated Dirac point shift have been calculated. To
simluate the presence of dangling bonds that lead to p-
doping of graphene seen in experiment, we have com-
pared these results to CT and DPS after removing one H
atom at the SiO2 surface. We have created two different
amorphous SiO2 structures using the above procedure
and averaged the CT and DPS results from each.
III. RESULTS AND DISCUSSION
A. Azobenzene Absorption on Graphene
Example optimized structures of the AB molecule ph-
ysisorbed to the graphene surface are shown in Figure
1(a)-(b). Ligands are linked to AB by replacing the H
atom farthest from the NN linker on either benzene ring
with an electron-donating or -accepting ligand. To iso-
late the effects of doping from the ligands alone, we first
calculate the CT and DOS for the AB molecule without
ligands adsorbed to the graphene surface. After testing
multiple adsorption sites including top (all benzene C
atoms above graphene C atoms), between (half of ben-
zene C atoms above C-C bonds in graphene), and hollow
(half of benzene C atoms above the center of graphene
honeycombs), we find that the stable trans configuration
includes one benzene ring in the hollow position and the
other slightly shifted from the hollow site, due to the dif-
ference in bond length between the AB NN linker (orange
atoms in Figure 1(a), upper panel) and the C-C distance
(gray honeycomb lattice in Figure 1(a)) of the underly-
ing graphene substrate (1.28 vs 1.42 A˚). In the cis case,
the benzene ring closest to the graphene surface is in the
hollow position but tilted 11◦ from being parallel to the
graphene substrate. The second benzene ring is lifted
from the surface and 58◦ tilted from parallel.
Respective binding energies are -1.26 eV for the trans
and -0.91 eV for the cis isomer. This corresponds to -
0.053 eV/atom and -0.038 eV/atom, agreeing well with
previous theoretical (-0.041 eV/atom) and experimen-
tal (-0.042 eV/atom) results for benzene adsorption on
graphene or graphite.35,36 The average AB-graphene dis-
tance, as measured by the perpendicular distance be-
tween one N linker atom in AB and the graphene sur-
face, is 3.33 A˚ for the trans and 3.25 A˚ for the cis isomer
(Figure 1(b)). These distances are expected since the
dominant interactions between graphene and the benzene
rings are similar to the pi-pi stacking in graphite13, and
they do not significantly change when different ligands
are attached to the AB molecule.
For the isolated AB molecule without graphene, our
calculations give dihedral CNNC and CCNN angles of
180.0◦ and 0.2◦ for the trans isomer and 11.1◦ and 52.5◦
for the cis isomer. In addition, we find the NN and CN
bond lengths to be 1.27 A˚ and 1.42 A˚ for trans and 1.25
A˚ and 1.43 A˚ for cis. All these values agree well with
previous DFT37 and experimental38,39 calculations and
indicate that our functional provides accurate molecular
geometries. After binding to graphene, the trans dihedral
CNNC and CCNN angles change only slightly to 179.3◦
and 1.4◦, respectively. The cis dihedral angles change to
4TABLE I. Ligand type, binding energy (BE), charge transfer (CT), Dirac point shift (DPS), and carrier concentration (CC) for
azobenzene derivatives physisorbed to graphene that induce doping. All values of CT indicate p-doping of graphene. Values
of DPS indicate the energy shift of the Dirac point above its position for pristine graphene. Carrier concentration (CC) is
calculated from the DPS (see equation in text). For the cis isomer, the molecule closest to the graphene is listed next to the
isomer label.
ligand type isomer BE (eV) CT (e) DPS (eV) CC (×1013) (cm−2) CC Ratio
no ligand trans -1.26 <|0.05| 0.00 0.00
cis -0.91 <|0.05| 0.00 0.00 0.00
SO3-AB trans -2.32 0.71 0.41 1.12
cis-SO3 -1.88 0.69 0.41 1.12 1.00
cis-none -1.44 0.54 0.37 0.91 1.23
SO3-AB-2CH3 trans -2.37 0.60 0.40 1.07
cis-SO3 -1.68 0.59 0.40 1.07 1.00
cis-2CH3 -1.74 0.47 0.35 0.82 1.31
SO3Na-AB-2CH3 trans -2.06 <|0.05| 0.00 0.00
cis-SO3Na -1.36 <|0.05| 0.00 0.00 0.00
cis-2CH3 -1.53 <|0.05| 0.00 0.00 0.00
SO3-AB-SO3 trans -3.17 1.20 0.80 4.26
cis -2.45 0.99 0.63 2.64 1.61
NO2-AB-NO2 trans -1.70 0.13 0.25 0.42
cis -1.13 0.08 0.18 0.22 1.92
NO2-AB-CF3 trans -1.62 0.06 0.18 0.22
cis-NO2 -1.12 0.06 0.17 0.19 1.12
cis-CF3 -1.09 0.05 0.10 0.07 3.14
SO3-AB-CF3 trans -2.59 0.75 0.42 1.17
cis-SO3 -2.08 0.75 0.42 1.17 1.00
cis-CF3 -1.75 0.60 0.39 1.01 1.16
SO3-AB-NO2 trans -2.80 0.78 0.44 1.29
cis-SO3 -2.15 0.78 0.43 1.23 1.05
cis-NO2 -1.91 0.69 0.41 1.12 1.15
7.46◦ and 52.5◦, indicating that binding marginally ro-
tates the upper benzene ring closer to graphene. Never-
theless, the general geometry from the gas phase remains
relatively intact, as expected for physisorption.
As shown in Figure 1(c)-(d), neither the trans nor cis
isomer significantly dope graphene as indicated by the
identical graphene DOS with and without AB (Figure
1(d), red and black lines, respectively). Bader charge
analysis indicates negligible charge transfer below the
threshold of 0.05|e| (Table I), matching the lack of a
shift in the Dirac point. The charge difference isosur-
faces in Figure 1(c) show minimal charge transfer for
trans; however, the cis isomer creates hole accumulation
in graphene beneath the NN double bond and electron
accumulation below the lifted benzene ring. These two
localized pools roughly cancel to result in negligible net
charge transfer below our threshold.
B. Azobenzene Ligands and Graphene Doping
We next investigate the effects of ligands linked to the
AB derivative on graphene doping. For each ligand, we
examine the binding energy (BE), charge transfer (CT),
and Dirac point shift (DPS) due to the adsorbate. As
convention, all CT and DPS > 0 represent charge trans-
fer from graphene to the molecule and a shift of the Dirac
point to higher energies (p-doping). In the case of the cis
isomer, if different ligands are attached to each benzene
ring, two binding energies are calculated to account for
the fact that either benzene ring can rotate during the
isomerization from trans to cis and end up farther from
the graphene surface. This is especially important to
consider when determinig optimal ligands to ensure that
the ligand that contributes most to doping graphene lifts
away from the surface upon photoisomerization to pro-
vide a doping difference between the trans and cis iso-
mers.
We list in Table I all ligand combinations that induce
graphene doping as measured by both a nonzero DPS and
CT > |0.05|e. Table 2 reports similar data for all ligands
not inducing significant graphene doping. Out of all pos-
sible ligands tested, SO3-AB, SO3-AB-2CH3, SO3-AB-
SO3, NO2-AB-NO2, NO2-AB-CF3, SO3-AB-CF3, and
SO3-AB-NO2 provide significant charge transfer. The
common ligands across all these combinations are SO3
and NO2, indicating that open shell molecules are likely
necessary to significantly dope graphene, as previous
first-principles studies have also suggested40. Both of
these ligands are strong electron acceptors, and there-
fore we only find evidence of p-doping across all ligands.
We also include results for SO3Na-AB-2CH3 because, in
contrast to previous experiment24, we find that this lig-
and combination does not dope graphene, which we will
discuss in more detail below.
Although all of the above ligand combinations demon-
strate doping in both the trans and cis configurations, we
must examine the binding energies to determine which
5will be effective for switching applications. Binding ener-
gies are important because, in order to achieve a doping
difference between the isomers, the ligand responsible for
charge transfer must be lifted farther from the graphene
surface in the cis isomer. Therefore, that cis configura-
tion should have a higher BE than the reverse configura-
tion in which the electron-accepting ligand is closer to the
graphene. For example, examining the BE in Table I, we
can see that for the SO3-AB molecule, in which one ben-
zene ring has a SO3 ligand and the other has no ligand,
the binding energy is 0.44 eV greater when the benzene
ring with the SO3 ligand is closer to the surface. This
means that, upon photoisomerization, the lone benzene
ring will likely rotate away from the graphene surface.
But in this case, the CT and DPS are identical to the
trans configuration, leading to an identical CC and a CC
ratio of 1.00, indicating no switching behavior. These
results indicate that the ligand has a significant effect on
binding to the graphene and must be chosen wisely to
provie the correct switching behavior.
Enforcing this criterion, we narrow our choices for op-
timal ligands to SO3-AB-2CH3, SO3-AB-SO3, and NO2-
AB-NO2 that demonstrate the largest CC ratios in which
an electron-accepting ligand will lift away from graphene
in the cis configuration. Among the three remaining lig-
and combinations, NO2-AB-NO2 provides the greatest
carrier concentration difference between the trans and
cis isomers, with a CC ratio of 1.92, even though the
CT and DPS are smaller compared to the SO3 ligand.
In general, using the same electron-accepting ligand on
both benzene rings should be ideal for switching appli-
cations such that either benzene ring can photoisomer-
ize and lead to a change in graphene doping. Hence,
our calculations indicate that NO2-AB-NO2 is the opti-
mal molecule to maximize doping differences between the
trans and cis isomers. These results will be valuable to
guide future experimental study of AB switching behav-
ior on graphene.
We next examine the projected density of states
(PDOS) (Figure 2) and charge difference isosurfaces (Fig-
ure 3) of three ligand types representing various levels
of graphene doping. The upper and lower panels refer
to the trans and cis cases for each ligand, respectively.
In Figure 2(a), the PDOS for SO3Na-AB-2CH3 demon-
strates a lack of graphene doping, as there is no shift
in the Dirac point for graphene DOS with an adsorbed
molecule (red line). In addition, molecular AB and CH3
states are 0.6 eV below the Fermi level and 1.3 eV above
the Fermi level, indicating that electrons and holes in
graphene could not thermally excite to either state. Al-
though this ligand combination has been reported in ex-
periment to show differential doping between the trans
and cis isomers24, we find that the graphene p-doping
only occurs when we remove the Na and use a SO3-AB-
2CH3 ligand combination, as shown in Figure 2(b). In
this case, the trans isomer leads to the Dirac point shift-
ing 0.40 eV above the Fermi level, indicating p-doping,
and the molecular orbitals corresponding to AB, the SO3
ligand, and the 2CH3 ligands are pinned just below the
Fermi level. This indicates that the transferred charge
is delocalized across the SO3 ligand and benzene rings,
and, to a lesser extent, the CH3 ligands. For the cis iso-
mer, the Dirac point is 0.35 eV above the Fermi level,
indicating decreased p-doping, and the same molecular
states are pinned at the Fermi level. The NO2-AB-NO2
molecule, shown in Figure 2(c), also induces p-doping, as
the trans and cis isomers shift the Dirac point 0.25 eV
and 0.18 eV above the Fermi level, respectively. In addi-
tion, molecular states corresponding to the AB molecule
and NO2 ligands are pinned just above the Fermi level
(see Figure 2(c)), similar to using the SO3 ligand, indi-
cating that the transferred charge delocalizes across the
entire molecule. We can compare this to
To understand the difference between using the SO3Na
and SO3 ligands, we examine the charge difference isosur-
faces of the two cases in Figures 3(a) and (b). In the case
of SO3Na-AB-2CH3, the Na atom bonds with one of the
O atoms on the SO3 ligand. We test several configura-
tions with the Na atoms bonded to O atoms either close
to or far from the graphene surface. We find the lowest
energy configuration for the trans isomer results in the
Na atom bonded to the O atom closest to the graphene
surface, with the Na atom 2.65 A˚ from the graphene (Fig-
ure 3(a), upper panel). In this configuration, as shown
in Figure 3(a), the Na atom creates a localized region
of electron accumulation in the graphene lattice (yellow
isosurface). This charge comes from the graphene region
directly below the AB molecule (blue isosurface). How-
ever, very little charge is transferred to the AB molecule,
leading to no net graphene doping. For the cis isomer,
Na lifts farther from the surface and therefore decreases
the amount of localized charge density in the graphene
beneath it. A small region of decreased charge density
beneath SO3 appears, however this is balanced with the
increased charge density from Na and the 2CH3 ligands
that results in no net charge transfer.
In contrast, as shown in Figure 3(b), removing the Na
atom leads to a significant region of hole accumulation in
graphene directly beneath the SO3 ligand using the trans
isomer, inducing a 0.40 eV DPS and 1.07×1013 cm−2 car-
rier concentration. This transferred charge is delocalized
across the entire AB molecule and ligand. The pattern
is similar for the cis case, however the amount the of
transferred charge is reduced, leading to a 0.35 eV DPS,
0.82 ×1013 cm−2 carrier concentration, and a 1.31 CC
ratio. These results clearly demonstrate that the SO3
ligand causes the charge transfer, and that the presence
of the Na atom negates this effect due to charge localiza-
tion in the graphene. Our reported carrier concentration
for the trans SO3-AB-2CH3 isomer is of the same or-
der of magnitude as that found in experiment (5×1013
cm−2).24 A higher carrier concentration is expected in
the experiment because the graphene was deposited on a
silica (SiO2) substrate that further p-doped the graphene.
More importantly, the CC ratio we calculate (1.31) agrees
well with the experimental ratio (1.25), indicating our
6FIG. 2. (Color online) Projected density of states (PDOS) for a) SO3Na-AB-2CH3, b) SO3-AB-2CH3, and c) NO2-AB-NO2
adsorbed on graphene. The vertical black line in each plot represents the Fermi energy. Upper and lower panels are the PDOS
for the trans and cis isomer, respectively, for each ligand type. Plot insets in cis SO3-AB-2CH3 and NO2-AB-NO2 PDOS
compare the graphene DOS between the trans, cis, or no isomer to emphasize the change in doping level across the three
configurations.
first-principles calculations without the Na atom identify
the major physical mechanism through which graphene
doping changes through photoisomerization. Since our
results using the SO3 ligand without Na best match
experimental results, we believe that the experimental
methodology, in which AB molecules began in solution
and were drop cast on the graphene substrate, likely led
to Na dissociation from the molecule. The previous ex-
perimental results did not report molecular concentra-
tions and therefore we cannot confirm that our molecular
concentration (2.96×1018 cm−2) exactly matches exper-
imental values.
Comparing the charge difference isosurfaces between
the SO3-AB-2CH3 and NO2-AB-NO2 molecules can also
explain why the latter provides the best CC ratio. The
SO3 ligand in the SO3-AB-2CH3 molecule is the strongest
electron acceptor in this case, and therefore significant
charge is transferred in both the trans (0.60|e|, Figure
3(b), upper panel) and cis (0.47|e|, Figure 3(b), lower
panel) cases. On the other hand, the trans NO2-AB-
NO2 molecule only moderately p-dopes graphene in the
regions directly beneath each NO2 ligand (0.13|e|, Fig-
ure 3(c), upper panel). Thus, when the molecule isomer-
izes to cis, one of the NO2 lifts far enough away from
graphene that it no longer p-dopes the graphene at all
(Figure 3(c), lower panel). Only the other NO2 ligand p-
dopes graphene and the raised benzene ring even slightly
n-dopes graphene. This leads to a significantly decreased
net p-doping (0.08|e|), and a greater CC ratio using the
NO2 ligands (1.92) compared to the SO3-AB-2CH3 (1.31)
or SO3-AB-SO3 (1.61) ligands.
C. Effect of Electric Bias and Mechanical Strain
on Doping
Given that the NO2-AB-NO2 molecule provides the
optimal graphene doping differential between isomers, we
use this molecule to study the effects of molecular con-
centration, applied electric bias, and mechanical strain
to demonstrate multiple methods of simultaneous dop-
ing control. As shown in Figure 4(a), increased molecu-
lar concentration leads to a significantly increased DPS
for the trans but not the cis configuration. This is due
to the elongated geometry of the trans isomer such that
interactions between molecules become significant more
quickly at higher concentrations compared to the cis iso-
mer, which has a more vertical adsorption geometry on
graphene. Therefore, we find that the differential doping
between isomers and therefore switching potential can be
maximized by increasing molecular concentration. How-
ever, extremely dense concentrations will lead to overlap
between molecules, lifting NO2 ligands farther from the
graphene surface and likely decreasing doping. Based on
our calculations, a 6x6 graphene supercell (72 graphene
C atoms per molecule) provides the highest CC ratio of
2.84, corresponding to a DPS of 0.35 and 0.19 for trans
and cis, respectively.
An applied electric bias is another feasible method to
modulate graphene doping. Figure 4(b) plots the DPS
for the trans and cis configurations for increasing elec-
tric field strength. Positive or negative bias values cor-
respond to the electric field pointing from the graphene
to molecule or from the molecule to graphene, respec-
7FIG. 3. (Color online) Charge difference isosurfaces for a) SO3Na-AB-2CH3, b) SO3-AB-2CH3, and c) NO2-AB-NO2. Upper
and lower panels are the trans and cis isomers, respectively, for each ligand type. Dark blue isosurfaces represent regions of
hole accumulation and light yellow isosurfaces represent regions of electron accumulation compared to the graphene or molecule
alone. Medium grey spheres are C atoms, small white spheres are H atoms, medium orange are N atoms, medium light blue
atoms are O atoms, large dark green atoms are S atoms, and the large red sphere is the Na atom.
tively. As expected, negative electric bias acts in con-
junction with the electron-accepting ligands to gener-
ate more charge transfer to the molecule and shift the
Dirac point to more positive values, indicating greater
p-doping. On the other hand, positive electric bias
promotes charge transfer in the opposite direction to
the electron-accepting NO2 ligands, thereby shifting the
Dirac point closer to the Fermi level and reducing the
graphene p-doping. These effects are seen for both the
trans and cis configurations. For both positive and nega-
tive bias, electric fields of large magnitude result in sim-
ilar DPS for both the trans and cis isomers, indicat-
ing that only low magnitudes of bias should be used for
switching applications to differentiate between the two
configurations. Charge transfer increases linearly with
increased electric field, as expected. For negative bias, in-
creasing the electric field strength from 0.05 V/A˚ to 0.45
V/A˚ increases CT from 0.17|e| to 0.48|e| for the trans
isomer and from 0.10|e| to 0.44|e| for the cis isomer. For
positive bias, whereas the DPS shows no doping to the
level of accuracy in our calculations for higher electric
field strength, we find linearly decreasing charge transfer
for increasing strength. Specifically, increasing the elec-
tric field strength from 0.05 V/A˚ to 0.45 V/A˚ in the pos-
itive bias direction decreases CT from 0.09|e| to 0.01|e|
for the trans isomer and from 0.06|e| to 0.01|e| for the
cis isomer. Interestingly, positive bias never results in a
switch from p-doping to n-doping of the graphene mono-
layer. Instead, doping levels stay closer to zero from 0.25
to 0.45 V/A˚ for trans and 0.10 to 0.45 V/A˚ for cis. This
indicates that bias can only be used to modulate levels
of p-doping.
Next, we examine the effect of mechanical strain to
the graphene monolayer on doping. Previous studies
have shown that applied strain to graphene reduces the
Fermi velocity along the strain direction41,42 and opens a
bandgap for strains greater than 20%43,44. Here, we only
examine uniaxial strains up to 5%, relevant to experi-
mental feasibility, and apply uniaxial strains both per-
pendicular to the armchair edge (x-direction) and zigzag
edge (y-direction). As shown in Figure 4(c), we find that
uniaxial stress n-dopes the graphene for both strain di-
rections, counteracting the p-doping from the molecule.
Regarding charge transfer, strain along either direction
reduces CT to the molecule from 0.13|e| (no strain) to
0.09|e| (5% strain) using the trans isomer and from
0.08|e| (no strain) to 0.03|e| (5% strain) using the cis
isomer.
These results all provide strong evidence that the AB
molecule with open shell, electron-accepting ligands can
be used for multi-switching applications on graphene
monolayers using light, bias, and strain. As an exam-
ple that demonstrates the multi-control utility, we con-
sider using the NO2-AB-NO2 derivative on the graphene
monolayer. The trans and cis isomers provide carrier
concentrations of 4.16×1012 and 2.16×1012 cm−2 as cal-
culated from the DPS. If we now apply a negative bias
with an electric field strength of 0.05 V/A˚, the carrier
concentrations using the trans and cis isomers change to
4.85×1012 and 2.94×1012 cm−2, respectively. These val-
ues indicate four distinct doping states that can be distin-
guished in experiment and used in a four-state memory
or switching device. Inclusion of mechanical strain would
lead to even more switching states.
D. Azobenzene Doping of Graphene on
Amorphous SiO2 Substrate
To this point, we have studied AB molecular doping
of a graphene monolayer, however most experiments de-
posit graphene on an amorphous SiO2 substrate that
can intrinsically dope the graphene. Previous studies of
8FIG. 4. (Color online) The Dirac point shift (DPS) using the
NO2-AB-NO2 ligands in the trans and cis configuration as
a function of a) number of graphene atoms in the supercell,
b) an applied electric bias, and c) uniaxial mechanical strain.
Positive and negative electric bias correspond to an electric
field pointing from graphene to the molecule and from the
molecule to graphene, respectively. Results for mechanical
strain are shown for strain in the x-direction (armchair edge)
and the y-direction (zigzag edge).
FIG. 5. (Color online) Supercell containing the silica sub-
strate (80 SiO2 molecules), 6x6 graphene monolayer (72
graphene C atoms), and NO2-AB-NO2 azobenzene deriva-
tive. Small blue spheres are O atoms, small orange spheres
are N atoms, small white spheres are H atoms, large grey
spheres are C atoms in the benzene rings, and large red
spheres are Si atoms. The thin grey lines correspond to the
corrugated graphene monolayer. Blue tetrahedra represent
the four-coordinated amorphous silica structure. The effects
of molecular doping on graphene are examined using 1) fully
saturated O bonds at the silica surface, and 2) removing one
H atom to leave a dangling bond at the surface to represent
p-doped graphene seen in experiment. See text for details.
graphene on either α- or amorphous SiO2 have shown
both p-doping45–47 due to dangling surface O bonds or
n-doping45,48,49 due to three-coordinated O atoms in
amorphous structures. The previous experimental paper
investigating SO3Na-AB-2CH3 derivatives on graphene
found that the SiO2 substrate p-doped graphene prior
to depositing the molecules. To examine whether the
SiO2 substrate affects the AB derivative doping behavior,
we have examined graphene doping using the NO2-AB-
NO2 molecule adsorbed to a 6x6 (72 C atoms) graphene
monolayer on an amorphous SiO2 substrate, as shown
in Figure 5 (computational methods for generating the
structure can be found in Section II).
As shown in Figure 5, the graphene monolayer de-
posited on the amorphous SiO2 substrate becomes cor-
rugated and roughly follows the undulations of the SiO2
surface. The average graphene-SiO2 vertical distance is
3.64 A˚ and the average formation energy of the surface is
5.7 meV/A˚2, matching previous first-principles48,49 and
experimental results50. The average level of corrugation
in the oxide, measured as the vertical distance between
the lowest and highest SiO2 surface atoms, is 1.51 A˚. The
average graphene corrugation of 0.43 A˚ is much less than
the SiO2 surface, which can be attributed to the large
energy cost to create vertical disruptions in the graphene
lattice.
Table II reports the Dirac point shift (DPS) for
graphene on the SiO2 substrate for three cases: 1) no
AB molecule, 2) trans NO2-AB-NO2 molecule, and 3)
cis NO2-AB-NO2 molecule. With no molecule, we find
that the SiO2 substrate with saturated surface bonds
9TABLE II. Comparison of the Dirac point shift (DPS) (eV)
and carrier concentration (CC) (×1013 cm−2) in graphene
on a silica substrate with and without the NO2-AB-NO2
molecule. Doping has been investigated for the graphene sys-
tem on a silica substrate with saturated bonds (saturated) and
with one dangling O bond (dangling bond). A 6x6 graphene
supercell has been used for these calculations. See text for
details.
isomer monolayer saturated dangling
DPS CC DPS CC DPS CC
no molecule 0.00 0.00 0.00 0.00 0.66 2.9
trans 0.33 0.72 0.26 0.45 0.70 3.26
cis 0.19 0.25 0.17 0.18 0.67 3.02
does not dope the graphene, leading to no DPS. Previous
first-principles studies have shown that SiO2 with satu-
rated surface bonds can n-dope graphene due to three-
coordinated O atoms48, however our samples show a dis-
tribution of three- and five-coordinated O atoms that
leads to no doping. However, if we remove an H atom
(white atom in Figure 5) from the surface to reveal an O
dangling bond, the SiO2 substrate p-dopes the graphene,
leading to a 0.66 DPS and hole concentration of 2.9×1013
cm−2.
When we add the NO2-AB-NO2 molecule, we find that
the doping levels slightly decrease for both trans and
cis when using a saturated SiO2 substrate compared to
the graphene monolayer alone. This is likely due to the
corrugation of the graphene layer due to the SiO2 sub-
strate. As seen in Figure 5, the geometry of the trans AB
molecule does not significantly change to follow the corru-
gations of the graphene. Therefore, the average distance
between the graphene and molecule increases from 3.16
A˚ for the monolayer alone to an average of 3.23 A˚ when
using a SiO2 substrate. In particular, the NO2-graphene
distance, critical for doping, increases from 3.11 to 3.18
A˚. Nevertheless, a substantial difference persists between
the trans and cis configurations, indicating that switch-
ing behavior is robust even when graphene is supported
on a substrate with no dangling bonds. The carrier con-
centrations for each DPS on the saturated substrate cor-
respond to 4.45×1012 and 1.83×1012 cm−2 for trans and
cis, respectively, giving a CC ratio of 2.43.
This situation drastically changes when we remove one
H surface atom from the SiO2 substrate. In this case,
the SiO2 substrate p-dopes the graphene, leading to a
0.66 eV DPS, and the molecule then has little effect on
further doping of the graphene monolayer. The trans
isomer only increases this doping to a 0.70 eV DPS, and
the cis isomer to a 0.67 eV DPS. These correspond to
carrier concentrations of 3.26×1013 and 3.02×1013 cm−2
and a CC ratio of only 1.08, significantly reducing the
potential for doping differentials between isomers. This
indicates that the O atoms in the SiO2 substrate act as
much stronger electron acceptors compared to the ligands
in the AB molecule. These results emphasize the impor-
tance in reducing the p-doping from the SiO2 substrate
to maximize the switching behavior of the AB molecule.
IV. CONCLUSIONS
We have presented comprehensive first-principles data
regarding graphene doping using the azobenzene (AB)
molecule functionalized with both electron-accepting and
-donating ligands. We find that open shell ligands
are crucial for substantial charge transfer between the
graphene and molecule that leads to a shift in the Dirac
point and induced carrier concentration. Across all lig-
ands tested, we find that SO3 and NO2 are the best can-
didates for p-doping as indicated by large charge trans-
fer from the graphene to the molecule and a significant
shift in graphene’s Dirac point to higher energies com-
pared to its position in pristine graphene. By comparing
the change in graphene carrier concentration across lig-
and types, we find that the NO2-AB-NO2 derivative pro-
vides the best doping differential between trans and cis
isomers with a carrier concentration ratio of 1.92. Our
analysis of charge density difference isosurfaces and par-
tial density of states indicate that changes in doping be-
tween isomers is due to one benzene ring lifting farther
from the surface in the cis configuration, reducing its
ability to dope graphene. Maximum differences between
trans and cis doping can be achieved using a moderate
electron-acceptor, such as the NO2 ligand, compared to
SO3, which is a strong enough acceptor to significantly
dope graphene even when lifted farther from the surface
in the cis isomer. This reduces its resulting doping dif-
ferential between isomers compared to the NO2 ligand.
These results indicate that a careful choice of ligand is
crucial to maximize swtiching effects, in that the ligand
must be a strong enough acceptor to dope the graphene
at all, but weak enough such that the change in distance
from the graphene between the trans and cis isomers
significantly decreases its doping potential. Relevant to
experiment, we have found that the AB derivatives can
significantly dope graphene supported on a silica sub-
strate as long as dangling bonds from O atoms in the
silica have been saturated.
In addition to demonstrating the potential for
graphene doping through photoisomerization, we have
also shown that doping levels due to either isomer can be
futher modulated through the application of an electri-
cal bias or mechanical strain to the graphene monolayer.
These results are the first demonstration of such multi-
control graphene doping using an organic molecule. A
positive bias, applied from the graphene to the molecule,
linearly reduces charge transfer and subsequent doping
effects for both trans and cis isomers. Increasing pos-
itive bias beyond 0.10 V/A˚ for cis and 0.25 V/A˚ for
trans completely eliminates any p-doping of graphene,
but never reverses to an n-type doping. Negative bias
linearly enhances charge transfer and to a greater degree
for the cis compared to trans, such that doping levels
are similar for both at high bias. Using low positive or
negative bias on the order of |0.05| to |0.10| V/A˚, we have
demonstrated the possiblity for multi-level graphene dop-
ing by combining photoisomerization with the applied
electric field. We also show a similar multi-control dop-
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ing mechanim using mechanical strain of the graphene
monolayer, which decreases the p-doping induced by the
AB molecule. These valuable findings should encourage
experimental confirmation and the fabrication of such a
multi-switch device.
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